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Abstract

The tumar necrosts factor {TNF) family member B cell actvating facior (BAFF) binds B cells
and enhances B cell receptor-triggered proliferation. We find that B cell maturation antigen
{(BCMA). a predicted member of the TNF receptor family expressed primarlly In mature B
cells, is a receptor for BAFF, Although BCMA was previously locallzed to the Golg! apparatus,
BCMA was found 1o be expressed on the surface of transfected cells and tonstllar B cells. A sol-
uble form of BCMA, which inhibited the binding of BAFF to a B cell line, Induced 2 dramaric
dacrease In the number of peripheral B cells when administered in viva. Moreover, culuring
splenic cells in the presance of BAFF Increased survival of a percentage of the B cells. These re-

sults are conststent wlth a role for BAFF in maintaining homecssasls of the B cell population.
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Introduction

Many members of the TNF farnlly fulfill important roles
relared to the organization, function, and/or homeostasis of
the lmmune system {1). The recently identfied TNF fam-
tly member B cell activating factor (BAFF) (TNF and apop-
tosls Nigand-related leukocyte-expressed ligand 1 {TALL-
1|/TNF homologue that aciivates apoptosis, nuclear factor
kB, and c-Jun NHy-terminal kinase [THANK]/B lympho-
tyte sumulator {BlySl; references 2.8} is expressed in
monocytes, macrophages, and dendrtic cells (2, 3, 5} and
has been shown to bind to B cells and Increase the prolifer-
ation of B cells in combinatlon with an ant~B cell recepror
antibody in virro (2, 5). BAFF i a type Il membrane pro-
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tein and may acs &s efther a membrane-bound or soluble
form, the lazer being generated by proteolytic cleavage at a
furln consensus site (2, 5). Transgenic mice overexpressing
BAFF have a greatly elevated number of mature B cells and
an increased number of effector T cells in their spleen and
mesenteric lymph nodes {6). These mice display autalm-
mune-like mantfestazions including high levels of rheuma-
told factors, clreulating immune complexes, anti-DNA
autcantbodies, and Ig deposition in the kidney (B). How-
ever, splenic B cells fram transgenic or conirol mice were
found 1o proliferste at the same rate {6}, suggesting that
BAFF, in addition to its abllity to costimulate B cell prolif-
eration In vitrs, may have alternative functions.

B cell maturation antigen (BCMA) was Arst identiled as
part of a trenslocation event In a malignant T cell lym-
phoma patient (7). Characterization of human BCMA
identified It as a type | membrane protein primarily ex-
pressed In immune organs and marure B cell lines {7, 8).
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BCMA protein was localized to the Golgl apparatus in the
U266 plasmacytoma cell line, which expresses high levels
of BCMA (8). Subsequent identification of the mouse
BCMA gene and further motf analysis led to the predic-
tion that BCMA s a member of the TNF receptor super-
farnlly {10). ’

Here, we show chat BAFF 1s capable of interacting with
the erphan TNF receprar, BCMA. We characterize the
BAFF-BCMA interaction and show that injection of solu-
ble BCMA-Ig fusion proteln inte mice leads to a drarnatic
reduction in the total number of B cells in the peripheral
tmmune organs. This may be due 10 a B cell survival fune-
tlon of BAFF. Modulation of the peripheral B cell popula-
tion ustng BCMA-Ig reacment may be efficactous In weat-
ing B cell-mediated disorders.

Materials and Methods

Celis and Construes,  Hurnan ernbryonic 293 cells canying
the EBNA-I gense were culiured in DMEM plus 10% FCS,
plutamine, pen-strep, and 250 pg/m) G418, Rall cells were ob-
tained frams Amercan Type Cultuze Collection and were cul-
wred o Indicated, The hurmn BCMARgGl BCMA-Ig) ex-
prestion vector was crested wiing a murine K [ight chain signal
sequence, a PCR fragment generated to BCMA amino acids
1-48 (second Met}, and a higGt Sall + Nod fragment {11}, The
fropments were cloned imto pCEP4 (Invirogen) derivative. A
COCH-rerminal §XHis-ragged Rall-length human BCMA ex-
prexsion vector wis generated by PCR, BCMA-lg obtained by
transient uansfecton of 293E celis wsing Lipofecmine {ife
Technotogles) was purified by protein A column chromatogra-
phy, and contained <! endotoxin U/mg of protein. The haif-iife
of this protein in mice is ~3.5 4. The conmal Ig, nonbinding
LFA3-[g, was prepared from a Chinese hammer ovary (CHO)
exil Hine as described {12). Murine lymphotoxin LTIpR-Ig (13)
and hurtum LTBR-Ig {14) were made a5 described. Recepror-ig
fuslan protelns and Flag-tagged soluble Dgands were comstructed
and expressed as described using the following amino acid se-
guencet: WTNF-a (B5-263), mBAFF (127-309), hBAFF (136~
285 or 83-285), human receptor activator of muclear factor kB
lgand (hRRANKL {151-316]}, hCD30L (§3-234), nCD40L
{116-261}. homologous to lymphotoxits, exhibits Inducible ex-
pression, and competes with HSV glycoprotein D for herpesvirus
entry medistor (HVEM), a recepror expressed by T lymphocytes
(hLIGHT [89-240f}, hTNFR2 {i~257), h'TNF-relxed apopto-
sielnducing Ugand (RTRAILIR2 (1-212), wCD30 (1-380).
hCD40 (i-193), hRHVEM (1-200), and mRANK (1-200} @,
15}, Unless indicated, BAFF in 15-fold concenmated serum-free
Opimem madium (Life Technologies) was used {2).

Anti-BCMA Anttbodies, Rabblt ant-hBCMA antlbody, Rb
1593, was generated againn purified hBCMA-Tp. Affintty-pus-
fied 2nut-BCMA anubodies and conuol affinity-purified ant-
glutathione S-wransfersse (CST) antibodies originating from the
same rabblt were used far the UZEE cells and tonsillar B cell
stalning. These antibodies have been described {9,

BlAmre Analysis. Al experiments were perfonmed ai 25°C
with a 10 pl/min Row mte wsing 2 BlAcore 2000™, HBS
tuffer (10 mM Hepes, 150 mM NaCi, 0.005% P20 surfactant.
pH 7.4) was used both as the running buffer and as the smyle
diluent. The CM5 chip (BlAcore) surface was first activated with
N-hydroxysuecinimide/N-ethyl-N8- (3-diethylaminopropyt) -carbo-

diimide hydrochloride. 2§ ) of BCMA-Ig or hETAR-Ig was
difuted to 30 pg/rd tn 10 mM acetc acid (pH 5). then injected.
The unreacted groups of the chip's dextran matrix were blocked
twice with ethanolamine-HC1 {pH 8.5). For the experiment,
100 i of Flag-hBAFF, Flag-mBAFF. or hlTa,B; at 30 pg/mi
in diluent buffer were infected over the susface of the chip. The
surface was regenerated between experiments by washing with
1 mM formic acid,

BCMA-Ig Biocking of BAFF Binding to Rajf Cells.  Flag-tagged
human BAFF at 200 ng/m! was pre-lncubated for 30 min on
tee tn FACS® buifer (PBS, 10% FCS. 0.05% azids) with sither
RBCMA-Ig or bBLTBR-Ig a1 swolold diiutlans ranging from 20
g/ ml to 3% ng/m, or with BAFF alone. The mbxure was added
ta Raji celis for 30 min on ice. Bound BAFF was detected using 5
g/rel antl-Flag antibody M2 {Stgma-Aldrich) followed by PE-
conjugated donkey and-mouse [gl (Jackson ImmmunoResearch
Laboratories]. The samples were read wslng a FACSCalibus™
flow cytometer {Becton Dickinson).

Ant-BCMA Antibody and BAFF Blnding i Full-tength BCMA-
transiixted Cells.  293E cells were transfected with either vector
alone or His-tagged full-length BCMA and a green Ruarescent
proteln tansfecticn contrab plasmid {gift of N. Horkoshl, Beth
Ysael Desconess Medical Center. Boston, MA} wsing Lipe-
fectamine 2000. After 48 h, the calls were datached tn PBS con-
taintng 5 mM EDTA, washed, and statned for 30 mmin on kee with
ant-hBCMA Rb 1583 {1:1,000) or pretmmune sera (1:500) fal-
lowed by PE-conjupated donkey ant-rabbit Ig {1:300; Jackson
ImmunoResearch Laboratories). Aliernatively. cells were stained
plus or minus Flag-BAFF (2 pg/ml) and detected uwsing M2 as
described above.

BAFF and Ant-BCMA Antibedy Binding w Muman Tamillar B
Cells, Human moronuclear cells wers abtained from palattne
tansils by gente dissoclation with forceps. T cells were removed
by one cycle of rosetts formation and further dapletad with ant-
CD2 magnetic beads (Dynabeads M-450; Dynat [18]). The re-
maining B cell populatons were 93 X 4% CD19*, 5% £ 6%
igD*, 56 * 5% IgM*, 81 % 16% CD44*, 21 £ 6% CDI8*, 42 =
1% CD95%, and = [% CDI4*, CD3*, and DRCU* celis. Celts
were prefncubated with 10% human AB serum and smatned plus
or minus Flag-BAFF {amino acids 83-285) at | pe/ml followed
by MZ (7.5 pg/mi} and PE-conjugeted goat snd-mouse [gG
(Immunatect). Ant-BCMA stalning was done using 20 pg/ml
antlbody and FITC-conjugated goat ant-rabbit IgG Immuno-
tech).
BCMA-Ig Injection inw Mie,  6-wi-old fernale BALB/c mice
{four per group; The Jacksan Laboratory) recetved intraperitoneal
injections of elther 400 pg of BCMA-Ig or 400 pg of LFA3-Ig
{control Ig) on days 1, 4, 8, and 11, On day 19, the mice were
kilizd. Binod was collected via cardlac puncture into tubss con-
wmiring EDTA. Single cell suspemiars were prepared from
spleens and mesemeric lymph nodes, and RBCs were lysed In 2
hypotanic buffer. Flow cytomery wa performed using PE-,
FITC-, ar CyChrame-conjugated and-CD45R/B220 (B cells)
and antt-CD4, ant-CDB {T «efle), or and-Grl/ant~Mac-1 {neu-
trophils and macrophages), All antibodies were purchased from
BD PharMingen. In brief, Fo meeptoss were blocked with 10
pg/mi FeBiock {BD PharMingen) for 15 min on ice foliowed by
additlon of the conjugated mAbs, and were incubated on lee for
30 min. Celis were washed twice, suspended in 0.5% paraformal-
dehyde, and analyzed by flow cytomertry.

B Cell Surétval Assay. Mouse spleers were collected under
sierile conditons and homogentzed in RPMI medium plus 10%
FCS using SuperFrost glasy sides (Menzel-Glaser). Cells were AI-
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tered through a 70-em nylan cell suainer (Falcon) before centsif-
ugation at 1,000 rpm (300 2 for 5 min. The peller was resus-
pendsd in 2 mi/spleen RBC lyss solution and Incubated en ice
for 3 min. The remaining white blood cells were collected by
cantrifugation znd resuspended In media. Splenocytes were Incu-
bated at a concentraton of 3 X 107 cells/ml in media far 72 b.
The splanocytes were sither untreated or were in the presence af
2 pg/ml huran Flag-BAFF {amina acids 83285} slone or with
2 pg/mi BCMA-ig or 20 pg/ml musine LTER-Ig. The per-
cent Hve cells reralning was determined ustng the annexin V-FITC
Apaptasis Detection Kit | (BD PharMingen). Cells were wathed
twite and then analyzed using a FACSCallbur™ machine (Bee-
tan Dickinson).

Resnlts and Discussion

BAFF Interacts with Solutlr BCMA, TNF receptor fam-
Hy members are generally rype I proteins with a leader se-
quence and a cystelne-tich extracellular domatn. The ex-
tracellular domalns are organized as a serles of altemating A
and B modules, which are stabilized by internal disulfide
bridges {17). A single C module, not Invalved in Hgand
binding, Is found in the fourth cysieine rapeat of TNFRI
{17}. In a previous study, BAFF falled to bind o 16 mem-

bers of the TINF recepior family (2}. Subsequently, an addi-
tional candidate recepror for BAFF was identified, termed
B cell mawratlon antigen (10}, BCMA sppeans 1o be dis-
tantly refated to the TNF receptor family, because &z Is de-
vold of a signal sequence and contalns a single A and one C
module fstead of muldple A and B modules (10). How-
ever, the expresion pattern of this atypical receptor In ma-
ture B cells prompted us to examine 5 Interaction with
BAFF (8, 9). To this end, the axtracellular damain of hu-
man BCMA was expressed as a human 1gG1 fusion proteln
and was targered o the secretory pathway with an added
signal pepude. BCMA-hIgGl (BCMA-Ig) fusion protein
immunoprecipitated both recombinant human and murine
BAFF very efficiently, but not five other TNF ligands
(CD40L, RANKL, CD30L. LIGHT, and TNF-a) which,
however, Interscted with their respectlve receptars In con-
trol iImmunopreciphations {Fig. 1 A). When the interaction
was tested In another format using surface plasmon reso-
rance (BlAcore} analysis, simllar results were obtained, and
both murine and human BAFF exhiblted a significant afftn-
tty for human BCMA-Ig but not for LTBR-Ig {Fig. I B).
In addition, BCMA-Ig interacted with membrane-bound
BAFF expressed In 293 cells {Fig. ! C). and in 2 dose-

Figure 1 The extmacellutar
domain of BCMA interaces with
BAFF. (A) Human BCMA-Ig
and varipus controf TNFR-Ig

moiecules  were  mixed  with
Flag-tagged TNF Hgands, ira-
. munoprecipiaed {IP) with pro-
! tein A Sepharose, and analyzed
! oy Westetn blot [WBJ. Recep-
torIg [s reveated with anti-husmam
I G (top}, and codmununopre-
cipltating ligands are dstected

using anti-Fag MZ anubody
] {oortom). m, ant-, (B} Interac-

el tion of BAFF with BCMA -
wyed by surface plasmon ress-
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Flgure 2, Cell surface expression of BCMA in tramfersed and primary
ceily. {A) 293K cells wera cotramfected with expression vectors for green
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dependent manner specifically blocked the Interaction of
BAFF with Rajt B cells (Fig. 1 D}. Thus, the short extra-
cellular domatn of BCMA Is sufficlent for high-affinity
binding to BAFF, and there Is no species barrler for the
murine BAFF-human BCMA interaction. The BAFF-
BCMA inrerzction is presently unique in the family, as It
involves only two modules, one predicted to be of the C
type, In the two cases where the crystal structure of the tri-
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Figare 3. Administraton of BCMA-Ig reduces the peripheral B exlf
populatian, Adult Balb/c mice were weated with four intraperitoneal in-
Jections of BCMA-Ig or conorol Ig over 2 perlog of 11 d. A day 19,
splenic B2Z20* B caltt, £D4* and CD8* T colls, and Grl* and Mac-[*
populstions were anzlyzed by fow cymmemy, A represenutive mawse
Irom each gronp is shown.

meric Ugand-receptor complex Is known {LTa-TNFR1
and TRAH.-TRAILR?Z), the contacts involved In the in-
teraction have been shown to involve one B and two A
modules (18-20}.

Cell Surface Expressivn of BCMA.  Cell surface expres-
ston of BCMA 15 a itkely prerequisite for BAFF binding,
Indeed, most 293E ceils ransfected with a consmuct en-
coding full-length BCMA with no added signat peptide
were positive for surface stalning with ant-BCMA amtl-
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Table I, The Taw! Number of Splentocytes and Spientc Subpoputaiions Examized after Treatment with BCMA-Jg

Mouse Tott cells B eelis CD4* T cells CD8* T cells Nautrophils Mae-1* celis
BCMA-lg treated
Bl 58.5 215 16.5 7.8 45 124
B2 66.0 244 19.5 83 KE:] 124
B3 465 1.7 149 83 34 100
B4 8.0 1.0 12.7 6.5 2.2 8.9
Mean + 5D 518+ 114 17.2 549 1602 25 17207 35+09 184x22
Conurols
Al 735 40.4 7.8 6.2 4.1 133
AZ 72.8 38.1 16.4 6.6 45 £3.7
Al 81.8 429 204 82 38 [3.2
Ad 435 218 10.4 4.2 3.2 93
Mean £ 5D 67.9 = 4.5 36.0 =84 182 %137 6.6 LB 3905 [23=18
P values >0l P =002 P11 P>01 P>01 P>0.l

The nurnber of celts {X 105 from Individual mice In each group is shown, P values were determined by Student's £ 1est.

bodles and 10 a lesser extent with Flag-BAFF, whereas un-
wansfecred cells or cells transfected with 2 control plasmid
were not (Fig. 2 A}, We slso found that tonsiflar B cells
were stzined with both anti~-BCMA and Flag-BAFF {Fig. 2
B}, suggesting that surface expression of BCMA also occurs
in primary celis and Is not an artifact of overexpressior.
Therefore, In the absence of a sigral sequence, the trans-
membrane domain of BCMA must dictate the wpology of
membrans insertion for correct expression at the cell sur-
face. Ins 2 previous study, BCMA was located exclusively In
the Galg! apparatus of the plasmocytic celt line UZE6, and
not at the cell surface, despite the fact that these cells ex-
press high levels of the protein {3). Consistant with this ob-
servation, we find that U266 cells were not stalned with el-
ther the ant-BCMA antibody or Flag-BAFF (Fig. 2 B).
‘These results suggest that surface expression of BCMA may
be a dghtly controlled, cell type-dependent mechanism.
Intraceliular pools of the cytotoxic receptor Fas can be mo-
bilized for surface expression in response ta p53 activetion,
& mechanism that probably contributes 10 the elimination
of damaged cells (21). It is an Intriguing possibiity that cells
may release intraceflulac BCMA at the cell surface in re-
sponse o specilic sumull, and therefore becomne sensitive to
BAFF effects.

B Cell Reduction with BCMA-Ig Treatment,  Becawse BIA-
core studles revealed that murine BAFF was able 1o effec-
tively bind human BCMA-Ig, we used the fuston proteln
to examine the effect of disrupting the BAFF signal in nor-
mal mice. Four administrations of BCMA-Ig at intervals of
3-4 d dramatically reduced the tatal number of B cells in
the blood and peripheral lymphotd organs exemined. The
B220* B cell pepulation in the spleen of BCMA-Ig-
treated animals was reduced by 50% compared with the
contro! Ig~trested mice, In conwrast, populstions of neutro-

BAFF

BAFF + HOHWA-g
BAFF 1 contrelig
BAFF {boliad)
Untrented

Figure 4. BAFF promotes the survival of splenccytss In vivro. {4} For-
ward {F3C) and side searzer {S5C) profilss of murine splenoeytes (n cul-
rure after 12 b in the presence or alnence of BAFF. The R2 gate contalns
Tive celis {annexin V and propidium lodide pegative), (B) Percentage of
R2 cells surviving, BAFF concenimation was 2 pg/mi, and ution proteirs
were added a1 0 pg/ml. This s » mpresenmcive experiment of the asay
done ~10 times,
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phils, macrophages, CD4* T celks, and CD8* T cells were
not significantly affected by BCMA-Ig {Fig, 3 and Table I).
The decrease in absolute B cell number corresponded to
the decrease in absolute total cell number (Table [}, tndi-
cating that the reduction in the B cell populaton was not
due 1o a concordant increase in other cell types. Therefore,

the BCMA-Ig weatment speciftcally affected B cells. Stmi-

lar results were observed in the blood and mesenierlc
lymph nodes, where approxdmately half of the B220* B
cells were lost {data not shown). As B cells do not express
BAFF (2, 5), and because human BCMA-Ig does not bind
to mouse splenic B cells (data not shown}, we ean exclude
antibody-dependent cell-mediated cytotoxicly as the
mechanism of action, Alihough BAFF is thought 1o be pri-
marily secreted, staining of splenocytes using BCMA-Ig re-
vealed that BAFF ts found on the surface of Mag-1* cells
{data not shown).

BCMA-Ig treatment given over the course of 11 d may
reduce the peripheral B cell pool by Inhibiting production
or release of Immature B cells from the bane marrow, by
blocking maturation of immature B cells, or by sequester-
ing a factor required for B cell survival. At least 20 X |08
tmmature B cells are generated In the bone marrow each
day, and from this population an estimated 2-3 X 108 B
cells enter the pertphery {22}. [t has been shown that main-
tenance of the peripheral B cell pool requires a2 minimum
continuous input of newly formed cells (23}, but that fess
than half of the B cells that reach the spleen propress to the
mature phenotype {24). Although the percentage of long-
lived and short-lived B celis in the periphery s controver-
stal {22), the average half-Ufe of the B220%* cells in the
spleen s 4.3 wk, indicating that the majority of the B cells
are long-lved mature calls {24), As we see a 50% decrease
in the total B cell populadon in the periphery, we may be
affecting the repopulation of the splesn with mature B cells
or the survival of the exisiing mature B cells. One possible
mechanism for sustatning B cell survival is to upregulate the
antiapoptotic protein Bei-2. Interestingly, elevated levals of
Bel-2 have been reported In the PBL B cells tsolated from
BAFF transgeni¢c mice (6). To delineate the peripheral B
cell subpopulations modulated by BCMA-Ig, the mecha-
nism of action, as well as any potential effect on B cell de-
velopment i the bone marrow, a more comprehensive
study Is in progress.

B Ceil Survival with BAFF. The in vivo analysis, taken
together with the finding that BAFF wansgenic mice have
an Increased number of mature B cells and Bei-2 expres-
sion, indicates that BAFF may promote B cell survival, We
next exarmined the direct elfect of BAFF on the survival of
rmurine splenocytes in vigo. Splenocytes were cultured for
72 h In the presence or absence of BAFF and ejther
BCMA-Ig or LTBR-Ig (Fig. 4). BAFF alone caused zn in-
crease in the percentzge of cells that survived, and this ef-
fact was blocked with BCMA-ig. The increase In cslf
numbers was not due to the increase In proliferation, as this
has not been observed In the abssnce of B cell receptor
stimulation {2, 3). The malority of the surviving calls,
~sB0%. were B220* B cells, although a small percentage of

T cells also survived {data not shown). Thus, BAFF & capa-
ble of directly enthancing B cell survival,

In conclusion, we have identifled BCMA as a receptor
for BAFF. Sotuble BCMA antagonizes BAFF acdon and
teads to a rapid, significant B cell decline in vive, suggesting
that BAFF & necessary for homeostasis of the peripheral B
cell pool. The increase tn mamwre B cell numbers ohserved
in the BAFF wransgenic mice and the abillty of BAFF o
sustatn B cells in vito tndicate chat BAFF functons as a
survival factor. Modulatlon of the peripheral B cell popula-
tion using soluble BCMA may have applications in treating
B cell-mediated autoimmune diseases, plasma cell disos-
ders, and B cell cancers. A very recent report has demon-
strated that blocking the BAFF pathway In two models of
SLE using a soluble version of ancther receptor for BAFF,
rrasmemnbrane activator and calelum modulator and cyclo-
philin figand (CAML) interactor (TACH-Ig. eliminates
proteinurea and prolongs the [if2 span of the mice {¢5),

We thank Sulumari Mohan and Akos Szlivast far excellent techni-
ral amsistance, Apinys Ngam-ek for modifying the green fuorescent
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